suggested that tetrazolium dye reduction might be related to oxidative phosphorylation. The effect of adenosine diphosphate (ADP), phosphate, and uncoupling agents upon the vitamin K2-mediated NADH-TTC reductase system supports this hypothesis, and links together the observed effects of DHSM on tetrazolium dye reduction and on bacterial oxidative phosphorylation.
Previous publications from this laboratory (Bragg and Polglase, 1963a, c) have indicated that, in cell extracts of antibiotic-sensitive Escherichia coli, dihydrostreptomycin (DHSM) inhibits at least two processes, namely, succinatetriphenyltetrazolium (TTC) reductase and oxidative phosphorylation. In both processes, extracts prepared from resistant and dependent mutants were indifferent to the antibiotic.
When the effect of DHSM on the reduced nicotinamide adenine dinucleotide (NADH)-TTC reductase system was measured, reduction of the dye was either unaffected or generally slightly stimulated in extracts of all mutants. The present report describes the marked stimulation of TTC reduction which is produced by addition of vitamin K2 or menadione to the system, and the sensitivity to DHSM conferred upon the reductase system by these substances. Asano and Brodie (1963) suggested that tetrazolium dye reduction might be related to oxidative phosphorylation. The effect of adenosine diphosphate (ADP), phosphate, and uncoupling agents upon the vitamin K2-mediated NADH-TTC reductase system supports this hypothesis, and links together the observed effects of DHSM on tetrazolium dye reduction and on bacterial oxidative phosphorylation.
MATERIALS AND METHODS
The E. coli cultures used in this work and the method of culture were described previously (Bragg and Polglase, 1962) . SB refers to streptomycin-sensitive and DA to streptomycin-dependent strains. DA was depleted of DHSM as described before (Bragg and Polglase, 1963b) .
Cell-free extracts were prepared from cells harvested towards the end of the logarithmic phase (SB) or from depleted DA cells. The cells were washed once by suspension and sedimentation from 0.05 M potassium phosphate buffer (pH 7.0), and were finally suspended in 0.01 M tris(hydroxymethyl)aminomethane buffer containing 0.01 M MgCl2 at pH 7.4. The cell suspension (0.2 g of packed cells per ml of buffer) was treated for 3 min in a 20-kc Bronwill sonic oscillator. Large cell fragments were removed by centrifuging at 20,000 X g; the residue was discarded. The supernatant fluid was centrifuged at 100,000 X g for 2.5 hr, and the upper half of the supernatant fluid was removed for use in the experiments described below.
The reduction of TTC was measured in Thunberg tubes by use of the following system: 0.05 M potassium phosphate (pH 7.6), 0.25 ml; 0.1 M glycylglycine (pH 8.0), 0.8 ml; 0.05 M MgC92, 0.2 ml; 0.018 M nicotinamide adenine dinucleotide, 0.05 ml; 6.5 X 10-4 M thiamine pyrophosphate, 0.1 ml; water, 0.75 ml; and extract, 0.5 ml. For some experiments, 0.02 ml of 2 X 10-2 M menadione or 0.04 ml of 2.6 X 10-4M vitamin K2 were present. Inhibitors were added in or made up to 0.1 ml. The stopper contained 0.1 ml of 0.1 M sodium pyruvate and 0.5 ml of 102 M TTC. After evacuation, the tube was preincubated at 37 C for 5 min prior to the addition of the contents of the stopper. The reaction was terminated after 5 min by adding 4 ml of acetone; In some experiments, the rate of dy at 485 m,u was followed in anaerob: which had been evacuated and re oxygen-free nitrogen several times.
Vitamin K2 was kindly supplied b Hoffman-La Roche and Co., Ltd., Bas land, or was extracted from E. coli c and Polglase, 1963b).
REsuuTs
Effect of DHSM on naphthoquinruo tetrazolium reduction. Figure 1 shows of adding vitamin K2 and menadic pyruvate-TTC system in extracts of streptomycin-sensitive strain. The re followed in anaerobic cuvettes. I naphthoquinones, reduction eventuall that of the control, although with this was preceded by a lag phase du all dye reduction was inhibited. Vitamin K2, the natural quinone of E. coli, gave a linear stimulation of the system. When DHSM was added to the TTC-reductase system of the sensitive strain in the presence of vitamin K2, a variable degree of inhibition was observed among different preparations of the extract. However, if the effect of different concentrations of DHSM was studied both in the presence and absence of added naphthoquinone (Fig. 2) , it was observed that 0.5 X 10-4 to 1.5 X 10-4 M DHSM gave substantial inhibition of the quinone-stimulated increase in dye reduction in extracts from sensitive cells. was obtained at 0.33 X 10-3 to 0.65 X 10-3 M ADP. The extent of inhibition was of similar magnitude to that produced by DHSM in the same system (Table 3) . Extracts of both mutants were inhibited by ADP.
Effect of dicoumarol and DHSM in the presence of ADP. Table 4 summarizes the results of experiments in which the action of DHSM and of dicoumarol on the vitamin K2-stimulated reduction of TTC was measured with or without the addition of ADP or inorganic phosphate, or both, to the system. When phosphate was added to the basic mixture from which it had been omitted, there was an inhibition of dye reduction. If ADP was also added, the maximal inhibition which was obtained was equivalent to that produced by the ADP alone. Both DHSM and dicoumarol increased the inhibition produced by ADP (or phosphate).
DIscussION
The failure of DHSM to stimulate TTC reduction in cell extracts from dependent cells in the presence of menadione, compared with the stimulation produced with vitamin K2, together with the nonlinear stimulation of dye reduction produced by menadione with extracts of sensitive cells, indicates that menadione cannot act in the same manner as vitamin K2. This type of response was obtained by Brodie (1961) with (Brodie, 1961) Asano and Brodie (1963) , who were unable to separate malate-vitamin K,-3 (4, 5-dimethyl thiazolyl 1-2)2, 5-diphenyltetrazolium reductase activity from the coupling factor activity for oxidative phosphorylation.
Both ADP and inorganic phosphate, when added separately, inhibited the reduction of the dye in the vitamin K2-stimulated system. A mixture of both inhibited only to the maximal value given by ADP. The inhibition produced by phosphate could be due to competition with TTC at an intermediate, presumably a reduced vitamin K derivative (Brodie, 1961) Of the nucleotides tested, only ADP (and, to a lesser extent, adenosine monophosphate) inhibited dve reduction. This is consistent with a specific effect of ADP on oxidative phosphorylation. Both dicoumarol and DHSM gave additional inhibition with both ADP and phosphate, and therefore must interact with the system at a different locus than the latter compounds. Kashket and Brodie (1963) found that dicoumarol and p-chloromercuribenzoate uncoupled oxidative phosphorylation in E. coli extracts, and Ishikawa and Lehninger (1962) noted the same effect with pentachlorophenol and extracts from Mllicrococcus lysodeikticus. All these compounds inhibit the vitamin K2-stimulated tetrazolium reductase system, and thus support the hypothesis that intermediates of oxidative phosphorylation are involved in this system. The stimulation of dye reduction produced by 2-heptyl-4-hydroxyquinoline N-oxide, compared with the inhibition given by DHSM in extracts from streptomycin-sensitive cells, is of interest in view of the observations of Lightbown (1954) that the former compound is an antagonist of streptomycin. 
